In this paper, an effective method for grain quality control in directional solidification (DS) by using cristobalite particles as seeds is proposed. The cristobalite seeds paved on the bottom of the crucible significantly enhanced the crystal quality of the multicrystalline silicon ingot in comparison with fused quartz seeds. The distribution of initial grain sizes at the ingot bottom was small and uniform. Crystals with lower dislocation density showed a higher and more uniform minority carrier lifetime compared to that produced by the fused quartz seeded growth method used in industry. A higher average solar cell conversion efficiency of about 0.09% in absolute value was obtained using the cristobalite seeded ingot (18.31%) in comparison with that using a fused quartz seeded ingot (18.22%) under the same cell production process.
Introduction


Multicrystalline silicon (mc-Si) grown by directional solidification method has become the main solar cell material because of its low production cost and high throughput. However, the energy conversion efficiency of solar cells based on mc-Si is still 1.5% lower than that of single-crystal silicon cells because of numerous defects in the crystal, such as grain boundaries, dislocation clusters and impurities. Thus, improving the mc-Si quality by reducing the density of defects is especially important for the photovoltaic industry. In recent years, seed-assisted casting method has been widely used to grow the high-quality mc-Si ingots, since it is useful in controlling the dislocation density and improving the cell performance [1] [2] [3] [4] . Zhu et al. [2] used mc-Si particles as external seeds for nucleation and grain growth control, and crystals with high minority carrier lifetime and much low dislocation density were obtained. However, a longer low minority carrier lifetime area usually called the red zone appeared at the ingot bottom because of the existence of unmelted seeds [5, 6] , which greatly lowered the yield and increased the cost of casting compared to the conventional ingot grown without seeds.
In order to solve this problem, granular fused quartz is used as heterogeneous seeds instead of mc-Si to manipulate nucleation in industry and many studies because of its a lot of advantages, such as high purity, high melting point, good wettability and much low cost [7] [8] [9] . Nevertheless, owing to heterogeneous nucleation, the crystal quality is generally not as good as that grown with mc-Si seeds, although the ingot yield increased. Recently, Zhang et al. [3] reported a novel method for grain control by quartz coating with an ingenious geometry structure that provided numerous heterogeneous nucleation points, and they obtained an ingot with uniform grain size distribution and low dislocation density close to that of mc-Si D DAVID PUBLISHING seed-assisted ingot. However, it is difficult to apply to mass production because of the complicated operation for seed coating preparation.
In this study, we investigated a convenient approach for controlling grain growth by using crystalline cristobalite. Appropriate size of cristobalite particles was sprayed on the bottom of the crucible to promote nucleation and assist the growth of columnar grains. Moreover, another Si ingot using ordinary fused quartz particles as seeds was grown for comparison, and the difference in the initial grain size, minority carrier lifetime, dislocation clusters density and solar cell efficiency between the two ingots was investigated.
Experimental
Seed and Coating Preparation
The crucibles with inner dimensions of 890 mm × 890 mm × 480 mm were used in this experiment. Firstly, seed particles of 40-50 mesh size were evenly sprinkled on the crucible bottom, and a slurry made from high-purity suspended silica powder was used to strengthen. Secondly, two layers of silicon nitride coating were added for the ease of mold release. The first layer approximately 200 μm thick was brushed on the top of the seeds at room temperature. After drying, the crucible was transferred to a rotator and the temperature was gradually increased to 55 °C. The second silicon nitride layer with a thickness of 70 μm was then uniformly sprayed on the first silicon nitride coating. It should be noted that the second coating layer was not as dense as the first one, which is to facilitate the silicon melt through the upper coating and contact with the surface of the seeds. Fig. 1 shows the picture of the crucible after spraying (Fig. 1a) and the enlarged morphology of the silicon nitride coated seeds on the bottom of the crucible (Fig. 1b) , respectively.
Crystal Growth and Analysis
An industrial furnace of Jinggong JJL500 
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Results and Discussion
Initial Grain Size Distribution
After squaring, each ingot was cut into 25 bricks, as shown in Fig. 2a . The infrared images for the longitudinal cross sections of bricks B11 to B15 from ingots grown with fused quartz seeds and cristobalite seeds are shown in Figs. 2b and 2c, respectively. For both two ingots, thin and vertical columnar grains are observed at the brick bottom, and the grain size increases with the growth height.
To further investigate the grain size, silicon wafers were cut 2 mm away from the ingot bottom of brick C13 of both ingots, and the initial grain morphology images are shown in Figs. 3a and 3b, respectively. From Fig. 3 , it is easy to found that the ingot grown with cristobalite seeds (Fig. 3b) has a smaller and more uniform initial grain size than the ingot grown with fused quartz seeds (Fig. 3a) . Fig. 4 shows the distribution statistics of the initial grain size for two cut wafers. The grain size distribution of cristobalite seeded ingot is apparently more concentrated, and the average diameter for the fused quartz seeded and cristobalite seeded ingots are 3.57 and 3.01 mm, respectively. This means the initial grain size of cristobalite seeded ingot is 20% smaller than that of fused quartz seeded ingot. In general, small and uniform grain size distribution is really beneficial to inhibit the multiplication of dislocations because of the blocking effect of grain boundaries on dislocation slipping. The smaller grain size contains more grain boundaries, which makes it easier to terminate dislocations in these regions [10] .
In addition, a number of dendritic grains were found in the silicon wafers from both ingots, as shown in the red circles in Fig. 3 , which result from undercooling at the initial growth stage [11, 12] . However, the cristobalite seeded ingot (Fig. 3b) had the smaller and less dendrites than the ingot grown with fused quartz seeds (Fig. 3a) . The difference in the initial grain sizes at the brick bottom for the two ingots can be explained as follows. Because the cristobalite crystal exists in the form of α phase at high temperature, it has a cubic structure similar to that of silicon. Thus, there is a lower interfacial energy between the cristobalite seed and silicon crystal than the fused quartz seed, which can effectively reduce the heterogeneous nucleation energy barrier and accelerate the growth of nuclei. As a result, a high density of nuclei was formed and restricted the horizontal growth of dendrites, and then small and uniform initial grains were obtained.
Minority Carrier Lifetime Distribution
The minority carrier lifetime is one of the key factors that affect the performance of solar cells. Fig. 5 shows the longitudinal minority carrier lifetime distribution of the ingot grown ( Fig. 5a ) with fused quartz seeds and (Fig. 5b ) with cristobalite seeds, respectively. From the figure, it can be found that both ingots have a total red area height of about 50 mm, including the bottom and top, which means a similar ingot yield for the two types of seeds under the same charge. However, the minority carrier lifetime of the cristobalite seeded ingot showed a higher and more 
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uniform distribution than the fused quartz seeded ingot. Numerous large waterfall-like regions with low lifetime value were observed in the top part of the ingot grown with fused quartz seeds. It is supposed that rapid multiplication of dislocations occurred in the later period of crystal growth, resulting in the generation of massive minority carrier recombination centers, and eventually reduced the value of the minority carrier lifetime.
Density of Dislocation Clusters
To investigate the distribution of dislocations, wafers cut from the positions of bottom, middle and top parts of the two ingots were analyzed by offline PL detecting system (BT imaging, LIS-R1) and the PL images are shown in Fig. 6 . The dark areas represent a high density of dislocation clusters while the other bright areas represent a low density of dislocation clusters. Meanwhile, the ratio of dark area to the total wafer area calculated by online PL-Algo software (Hennecke, HE-WI-04) is used to determine the dislocation clusters density level, and the dislocation clusters ratio data of the wafers from the bottom to the top of bricks C13 from each ingot is shown in Fig. 7 .
From Figs. 6 and 7, it is easy to find that the dislocation density increases with the growth height in both ingots, and the cristobalite seeded ingot has a lower density of dislocation clusters than the fused quartz seeded ingot, except at the bottom of the ingot. A little higher dislocation density was observed in the bottom wafer from the cristobalite seeded ingot. This phenomenon may be related to the nucleation mechanism. As the α-cristobalite seed has a different lattice constant from the silicon crystal, nuclei grown along the lattice of cristobalite crystals may bring about distortion and result in the formation of misfit dislocations. However, the dislocation clusters density of the cristobalite seeded ingot was found decreased subsequently, which may benefit from the small and uniform initial grain size distribution. A large amount of random grain boundaries blocked the dislocation propagation and released thermal stress, which led to a lower density of dislocation clusters [13, 14] . When the crystal grew to the medium height, the density of dislocation clusters in the cristobalite seeded ingot increased, but the grain sizes were still uniform (Fig. 6b) . While the dislocation clusters density of the fused quartz seeded ingot was obviously higher, and the most dislocations were concentrated in the regions of relatively small grains (Fig. 6a) . This is mainly because grains with different sizes have different growth rates, and the large grains driven by surface energy began to squeeze and annex the small grains nearby, which resulted in more stress [2] . When crystals grew to the later stage, the growth competition became more intense because of the expansion of the size gap between grains, and the more extrusion stress contributed to the faster multiplication of dislocation clusters. Ultimately, a significantly higher dislocation clusters density was observed in the top wafer from the ingot grown with fused quartz seeds. Furthermore, the dislocation clusters ratio data for the whole wafers was collected, as shown in Table 1 , and the statistical results showed that the mean dislocation clusters area ratio for the fused quartz seeded ingot and cristobalite seeded ingot was 4.05% and 3.32%, respectively. This means that the dislocation clusters density of the cristobalite seeded ingot is 18.02% lower than that grown with ordinary fused quartz, and the cristobalite seeds have a clear advantage in the aspect of dislocation control. Fig. 8 shows the solar cell efficiency distribution for the two types of ingot. A total of 7,200 silicon wafers chosen from regions A, B and C at a ratio of 4:12:9 from each ingot were fabricated into cells using the same standard cell production process, which can represent the quality of the wafers for the whole ingot. The results were shown that the average solar cell conversion efficiency for the fused quartz seeded ingot and cristobalite seeded ingot were 18.22% and 18.31%, respectively. In other words, the solar cell efficiency of the cristobalite seeded ingot was enhanced by 0.09% due to the improvement of crystal quality in comparison with that of fused quartz seeded ingot, and corresponding to an average output power of solar cells increased from 4.42 to 4.46W. Moreover, the cells based on cristobalite seeded wafers also had a narrower efficiency distribution, which was beneficial to increase the proportion of high performance solar cells. 
Cell Performance
Conclusions
The cristobalite seeded growth of high-quality mc-Si ingot for the grain size control and dislocation suppression has been investigated. A silicon ingot with small and uniform initial grain size distribution was obtained using the cristobalite seeds. The minority carrier lifetime was higher and more uniform than that of the fused quartz seeded ingot because of the lower dislocation clusters density. Moreover, the average conversion efficiency of solar cells fabricated with the cristobalite seeded ingot was about 0.09% higher than that of solar cells fabricated with the fused quartz seeded ingot under the same cell production process. This shows that the quality of mc-Si ingot produced by the cristobalite seeded growth method can be effectively improved, which is advantageous to increase the cost performance in mass production.
